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ABSTRACT 

T h i s  s t u d y  assesses t h e  e f f e c t s  of +Gz stress on o p e r a t o r  t a s k  
performance and workload. S u b j e c t s  were p r e s e n t e d  a two-dimensional maze 
( v i a  a CRT) and were r e q u i r e d  t o  s o l v e  i t  as r a p i d l y  as p o s s i b l e  (by 
moving a l i g h t  d o t  through i t  v i a  a t r i m  s w i t c h  on a c o n t r o l  s t i c k )  w h i l e  
under G-stress a t  levels  from +1 Gz t o  +6 Gz. The G-stress w a s  provided 
by a human c e n t r i f u g e .  The e f f e c t s  of t h i s  stress were a s s e s s e d  by two 
techniques ;  (1) o b j e c t i v e  performance measures on t h e  pr imary maze-solving 
t a s k ,  and ( 2 )  s u b j e c t i v e  workload measures o b t a i n e d  u s i n g  t h e  s u b j e c t i v e  
workload assessment  technique  (SWAT). It was found t h a t  w h i l e  n e i t h e r  
moderate (+3 Gz) nor  h i g h  (+5 Gz and +6 Gz) l e v e l s  of G-stress a f f e c t e d  
maze s o l v i n g  performance, t h e  h i g h  G levels  d i d  i n c r e a s e  s i g n i f i c a n t l y  t h e  
s u b j e c t i v e  workload of t h e  maze t a s k .  

INTRODUCTION 

Technologica l  advances i n  r e c e n t  y e a r s  have c o n s i d e r a b l y  i n c r e a s e d  
t h e  complexi ty  of f i g h t e r  a i r c r a f t  c o c k p i t s .  The number of i n d i v i d u a l  
parameters  which t h e  p i l o t  must monitor  and c o n t r o l  h a s  i n c r e a s e d  
d r a m a t i c a l l y .  A fundamental  consequence of t h e s e  advances h a s  been t o  
s i g n i f i c a n t l y  a l t e r  t h e  p i l o t ' s  r o l e  from p r i m a r i l y  a s k i l l e d  manual 
c o n t r o l  o p e r a t o r  t o  t h a t  of an  e x e c u t i v e  manager o r  d e c i s i o n  maker. 

Such a l t e r a t i o n s  i n  t h e  p i l o t ' s  tasks have c r e a t e d  an a d d i t i o n a l  
c o n s t r a i n t  f o r  d e s i g n  e n g i n e e r s ,  namely p i l o t  workload. A s  p i l o t  workload 
i n c r e a s e s ,  n o t  on ly  does h e  become f a t i g u e d  more r e a d i l y ,  bu t  h i s  
performance b e g i n s  t o  d e t e r i o r a t e .  Excess ive  p i l o t  workload can  r e s u l t  i n  
some p i l o t i n g  tasks n o t  even b e i n g  performed,  w i t h  p o t e n t i a l  c a t a s t r o p h i c  
consequences.  C l e a r l y ,  p i l o t  workload i.s a c r u c i a l  f a c t o r  which must be 
addressed  i n  t h e  d e s i g n  of modern f i g h t e r  a i r c r a f t .  

Concurrent  w i t h  t h e  advances i n  a i r c r a f t  a v i o n i c s  have been major  
advances i n  p r o p u l s i o n ,  aerodynamics and a i r f r a m e  materials. A s  a r e s u l t ,  
the modern f i g h t e r  a i r c r a f t  i s  c a p a b l e  of maneuvers w i t h  c o n s i d e r a b l y  
h i g h e r  G-levels  and G-onset rates t h a n  t h o s e  of i t s  p r e d e c e s s o r s .  The 
e f f e c t s  of G-forces w i l l  become even more severe w i t h  t h e  n e x t  g e n e r a t i o n  
f i g h t e r s  which are expec ted  t o  exceed t h e  c u r r e n t  G - c a p a b i l i t i e s .  

Although t h e  i n c r e a s e d  G-environment of modern f i g h t e r  a i r c r a f t  may 
appear  t o  b e  independent  of t h e  p i l o t  workload problem, i t  probably  i s  
n o t .  F i r s t ,  i n  o r d e r  t o  m a i n t a i n  an  adequate  f i e l d  of v i s i o n  and 
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consciousness a t  h igher  G-levels, p i l o t s  must perform an M-1 o r  L-1 
s t r a i n i n g  maneuver. This  coordinated grunt ing  and i somet r i c  muscular 
s t r a i n i n g  is  an a d d i t i o n a l  p i l o t i n g  t a s k  which r equ i r e s  some mental  
a t t e n t i o n ;  thus  the  p o t e n t i a l  f o r  i nc reas ing  p i l o t  workload. I n  add i t ion ,  
t h e  G-induced reduced blood flow t o  t h e  b r a i n  could impair h igher  l e v e l  
cogn i t ive  a c t i v i t y .  
p rocess ing  e f f i c i e n c y ,  making i t  more d i f f i c u l t  f o r  him t o  complete a l l  
necessary  t a s k s  adequately.  

This  i n  t u r n  would decrease the  p i l o t ' s  mental  

P i l o t  workload and p i l o t  G-stress are two very  important i s s u e s  i n  
the  des ign  of modern f i g h t e r  a i r c r a f t .  Although the  phys io log ica l  e f f e c t s  
of G-stress have been s tud ied  f o r  years  by the  aerospace medical 
community, l i t t l e  i s  known about t h e  psychological  e f f e c t s  a s soc ia t ed  wi th  
G-stress. Therefore ,  t he  ob jec t ive  of t h i s  e f f o r t  w a s  t o  i n v e s t i g a t e  the  
impact of G-stress on p i l o t  workload. 

BACKGROUND 

There i s  an enormous amount of r e sea rch  t h a t  has  been conducted on 
t h e  e f f e c t s  of a c c e l e r a t i o n  on humans. Most of i t  d e a l s  wi th  t h e  
phys io log ica l  e f f e c t s ;  none of i t  s p e c i f i c a l l y  addresses  the  i s s u e  of 
G-stress on p i l o t  workload. In  f a c t ,  very  l i t t l e  work has  been done which 
addresses  t h e  e f f e c t s  of G-stress on t h e  p i l o t ' s  cogn i t ive  a b i l i t i e s .  
C o l l y e r ' s  very  thorough 1973 review ( l ) ,  he c i t e d  s e v e r a l  s t u d i e s  
(2 ,3 ,4 ,5 ,6)  which suggest  increased G-stress has  a nega t ive  e f f e c t  on 
p i l o t ' s  cogn i t ive  a b i l i t i e s .  However, he  concluded t h a t  knowledge i n  t h i s  
area w a s  q u i t e  incomplete and l i t t l e  has  been done s i n c e  then. Given t h e  
increased  cogn i t ive  demands and increased  G-stress being placed on t h e  
p i l o t s  of modern f i g h t e r  a i r c r a f t ,  t h i s  area demands thorough i n v e s t i -  
ga t  i on .  

I n  

S imi l a r ly ,  t h e r e  has  been a p l e t h o r a  of research  conducted i n  t h e  
gene ra l  area of a s ses s ing  opera tor  workload. 
t h e  workload l i t e r a t u r e ,  inc luding  over 400 r e fe rences ,  Wierwille and 
Wi l l iges  ( 7 )  i d e n t i f i e d  twenty-eight s p e c i f i c  techniques f o r  a s ses s ing  
ope ra to r  workload. I n  the  same paper,  they a l s o  presented a method f o r  
s e l e c t i n g  t h e  most appropr i a t e  technique f o r  a given contex t .  Following 
t h e i r  gu ide l ines ,  i t  w a s  decided t o  employ two a l t e r n a t i v e  techniques:  
(1) an o b j e c t i v e  measure of performance ( t h e  s p e c i f i c  t a s k  s e l e c t e d  w a s  
2-dimensional maze so lv ing ) ;  and (2) a sub jec t ive  measure of workload ( t h e  
s p e c i f i c  technique being t h e  Subjec t ive  Workload Assessment Technique). 
Each of t h e s e  techniques w i l l  be d iscussed  i n  d e t a i l .  

I n  a comprehensive review o f  

To be c o n s i s t e n t  wi th  the  re ferenced  l i t e r a t u r e ,  t h e  gene r i c  t e r m  of 
workload i s  used throughout t h i s  paper.  However, t he  c o r r e c t  i n t e r p r e t a -  
t i o n  of workload as used he re  i s  t h a t  i t  i s  a combination of both i n t e r n a l  
and e x t e r n a l  workload, as w e l l  as process ing  capac i ty .  A l t e r n a t e l y ,  
workload can be thought of a s  being inve r se ly  r e l a t e d  t o  the  amount of 
unused processing resources .  That i s ,  as the  amount of a v a i l a b l e  o r  
unused processing resources  decreases ,  t h e  workload, by d e f i n i t i o n ,  has  
increased ,  
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PERFORMANCE MEASUREMENT - MAZE SOLVING 

The performance measurement technique used he re  w a s  t he  maze-solving 
technique developed by Ward and h e r  co l leagues  ( 1 0 , l l ) .  Subjec ts  w e r e  
presented wi th  an unfami l ia r  two-dimensional maze on a CRT and were 
requi red  t o  move a dot  through the  maze from one s i d e  t o  t h e  o the r  as 
r a p i d l y  as p o s s i b l e  (Fig.  1). The dot  moved a t  a cons tan t  speed and 
d i r e c t i o n ,  but s u b j e c t s  could change the  d i r e c t i o n  with d i s c r e t e  c o n t r o l  
i npu t s  of e i t h e r  up, down, l e f t ,  o r  r i g h t .  The score  w a s  def ined as t h e  
r a t i o  of t h e  optimum s o l u t i o n  t i m e  t o  t h e  a c t u a l  s o l u t i o n  t i m e .  

This  t a s k  w a s  s e l e c t e d  p r imar i ly  because i t  requi red  cons iderable  
cogn i t ive  resources ,  y e t  only minimal response resources .  Thus, i f  an 
inc rease  i n  G-stress r e s u l t e d  i n  a decrease  i n  performance, i t  could not 
be a t t r i b u t e d  s o l e l y  t o  a decrease  i n  motor coord ina t ion ,  Rather ,  i t  
would be p r imar i ly  a consequence of a decrease  i n  cogn i t ive  processing 
ca .pab i l i t i e s .  A l t e r n a t i v e l y ,  i f  t h e r e  w a s  no change i n  performance, i t  
could be the  case  t h a t  t h e  maze-solving t a s k  d id  not  provide s u f f i c i e n t  
t a s k  loading.  This  would l eave  r e se rve  process ing  resources  t o  be 
expended under G-stress, and t h e  measured performance would not change. 

WORKLOAD ASSESSMENT - SWAT 

I n  gene ra l ,  s u b j e c t i v e  workload assessment c o n s i s t s  of r e q u i r i n g  
s u b j e c t s  t o  estimate t h e  workload imposed by a given experimental  manipu- 
l a t i o n  v i a  in t rospec t ion .  Although such a technique can be u s e f u l ,  i t  has 
been c r i t i c i z e d  f o r  being e a s i l y  biased and r a t h e r  i n s e n s i t i v e  t o  changes 
i n  workload. Furthermore,  i t  only produces a rank order ing  of workload 
r a t h e r  than a more d e s i r a b l e  r a t i o  o r  i n t e r v a l  scale of workload. 

Recent ly ,  however, Reid, Eggemeier, and t h e i r  col leagues a t  t h e  
AFAMRL have developed a gener ic  s u b j e c t i v e  technique c a l l e d  the  Subjec t ive  
Workload Assessment Technique o r  SWAT (12,13,14,15) .  It combines 
s u b j e c t i v e  r a t i n g s  on t h r e e  d i f f e r e n t  s c a l e s ,  v i a  t he  mathematical tech- 
nique of con jo in t  measurement, t o  produce an i n t e r v a l  s c a l e  of workload. 
It has been shown t o  be both a r e l i a b l e  and s e n s i t i v e  measure of workload. 
One s i g n i f i c a n t  advantage of SWAT i s  t h a t  i t  i s  a r e l a t i v e l y  simple and 
unobtrusive technique t h a t  could be e a s i l y  implemented j o i n t l y  wi th  the  
maze-solving technique i n  the  high G environment. Thus, SWAT was used i n  
conjunct ion wi th  the  performance measure obtained v i a  t h e  maze-solving 
scores .  

METHOD OL 0 GY 

The o b j e c t i v e  of t h i s  study w a s  t o  a s s e s s  t h e  e f f e c t s  of +Gz s t r e s s  
on p i l o t  workload. It w a s  conducted i n  t h r e e  phases: Phase I - S t a t i c  
Tra in ing ,  Phase I1 - Dynamic Tra in ing ,  and Phase I11 - Data Col lec t ion .  
P i l o t  performance and workload were measured us ing  primary t a s k  
performance, v ia  t h e  two-dimensional maze-solving t a s k ,  and s u b j e c t i v e  
r a t i n g s  v i a  SWAT. AFAMRL's Dynamic Environment Simulator (DES) provided 
t h e  G-stress. Spec ia l  equipment included a modified ACES I1 o r  F-16 s e a t ,  
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side-arm c o n t r o l l e r ,  f l i g h t  s u i t ,  g l o v e s ,  anti-G s u i t s ,  and Doppler 
temporal  a r t e r y  f low meter.  

PHASE I - STATIC TRAINING 

There were two t a s k s  which were accomplished i n  t h e  s t a t i c  t r a i n i n g  
phase.  S u b j e c t s  performed a c a r d  s o r t  t o  rank-order t h e  s u b j e c t i v e  
r a t i n g s  that  were used i n  Phase 111, and t h e y  p r a c t i c e d  s o l v i n g  two dimen- 
s i o n a l  mazes similar t o  t h e  ones which were used as t h e  primary t a s k  i n  
phase 111. A l l  work conducted i n  Phase I was i n  a normal +I  Gz environ-  
ment, Each s u b j e c t  p a r t i c i p a t e d  i n  f o u r  one-hour t r a i n i n g  s e s s i o n s  w i t h  
each s e s s i o n  o c c u r r i n g  on a d i f f e r e n t  day. 

The purpose of t h e  f i r s t  s e s s i o n  w a s  t o  perform a c a r d  s o r t  f o r  t h e  
SWAT p o r t i o n  of Phase 111. The s u b j e c t s  were provided  w i t h  a deck of 27 
c a r d s  p laced  i n  random o r d e r ,  Each c a r d  r e p r e s e n t e d  one of t h e  p o s s i b l e  
combinat ions of t h r e e  c a t e g o r i e s  ( t i m e  l o a d ,  menta l  e f f o r t  l o a d ,  and 
p s y c h o l o g i c a l  stress l o a d )  w i t h  each c a t e g o r y  a t  t h r e e  d i f f e r e n t  levels 
(low, medium, and h i g h ,  F ig .  2 ) .  The s u b j e c t ' s  t a s k  w a s  t o  s o r t  t h e s e  
c a r d s  s o  t h a t  a l l  27 combinat ions were rank-ordered w i t h  r e s p e c t  t o  t h e  
degree  of s u b j e c t i v e  workload imposed by each.  These rank-order ings  were 
t h e n  used t o  deve lop  a n  i n t e r v a l  scale of workload f o r  e v a l u a t i n g  t h e  
s u b j e c t i v e  r a t i n g s  t h a t  were o b t a i n e d  i n  Phase 111. 

I n  t h e  remaining t h r e e  s t a t i c  t r a i n i n g  s e s s i o n s ,  s u b j e c t s  p r a c t i c e d  
s o l v i n g  two-dimensional mazes. F i g u r e  1 d e p i c t s  a maze t y p i c a l  of t h o s e  
used throughout  t h e  experiment .  A l l  mazes c o n s i s t e d  of t h e  b a s i c  10 x 10 
g r i d  as shown, but  d i f f e r e d  i n  t h e  placement of t h e  maze b a r r i e r s .  For 
each t r i a l ,  a g i v e n  maze w a s  d i s p l a y e d  on a CRT w i t h  a d o t  a t  t h e  e n t r a n c e  
of t h e  maze. 
p o s s i b l e .  The d o t  moved a t  a c o n s t a n t  speed and t h e  s u b j e c t  could change 
i t s  d i r e c t i o n  ( l e f t ,  r i g h t ,  up,  o r  down) by moving t h e  t r i m  t a b  b u t t o n  on 
a j o y s t i c k  c o n t r o l l e r  i n  t h e  a p p r o p r i a t e  d i r e c t i o n .  

The s u b j e c t ' s  t a s k  w a s  t o  s o l v e  t h e  maze as r a p i d l y  as 

The t r i a l  concluded as soon as t h e  d o t  w a s  s u c c e s s f u l l y  guided 
through t h e  maze t o  t h e  goa l .  The s h o r t e s t  p o s s i b l e  s o l u t i o n  t i m e  d i v i d e d  
by t h e  a c t u a l  t i m e  r e q u i r e d  t o  complete t h e  maze w a s  used as t h e  measure 
of performance, and t h i s  s c o r e ,  m u l t i p l i e d  by 100, w a s  d i s p l a y e d  t o  t h e  
s u b j e c t  immediately a f t e r  complet ion of each t r i a l .  T y p i c a l  s o l u t i o n  
t i m e s  were approximate ly  one minute o r  less. I f  t h e  s u b j e c t  f a i l e d  t o  
complete  t h e  maze w i t h i n  two minutes ,  the t r i a l  w a s  t e rmina ted  and a 
message was d i s p l a y e d  i n d i c a t i n g  t h a t  t h e  s u b j e c t  had r u n  o u t  of t i m e .  
The d i s p l a y e d  s c o r e  was t h e n  computed a s  t h e  r a t i o  of the s h o r t e s t  
p o s s i b l e  s o l u t i o n  t i m e  t o  a c t u a l  s o l u t i o n  of t i m e ,  m u l t i p l i e d  by t h e  
p e r c e n t  of t h e  maze so lved .  

PHASE I1 - DYNAMIC TRAINING 

The purpose of t h e  dynamic t r a i n i n g  phase,  which w a s  conducted 
e n t i r e l y  on t h e  DES,  w a s  t o  reduce t h e  e x p e r i m e n t a l  v a r i a n c e  i n  Phase 111 
by p e r m i t t i n g  s u b j e c t s  t o  p r a c t i c e  maze s o l v i n g  w h i l e  under G-stress. 
Each s u b j e c t  p r a c t i c e d  i n  two d a i l y  s e s s i o n s  of approximately one-half  
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h o u r  each. The s p e c i f i c  G-prof i le  (number of r u n s  p e r  s e s s i o n ,  d u r a t i o n  
of each r u n ,  e t c . )  w a s  i d e n t i c a l  t o  t h o s e  which were used i n  t h e  d a t a  c o l -  
l e c t i o n  phase and are d i s c u s s e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  paragraph.  
D i f f e r e n t  mazes were used i n  each of t h e  t h r e e  phases  t o  p r o h i b i t  l e a r n i n g  
e f f e c t s  due t o  s u b j e c t s  becoming f a m i l i a r  w i t h  any p a r t i c u l a r  maze. 

PHASE I1 - DATA COLLECTION 

The d a t a  c o l l e c t i o n  phase was a l s o  conducted on t h e  DES. Each 
s u b j e c t  p a r t i c i p a t e d  i n  f i v e  d a i l y  s e s s i o n s  of approximately one-half hour  
each;  each s e s s i o n  was comprised of e i g h t  t r i a l s .  A t r i a l  w a s  comprised 
of f o u r  p a r t s .  

(1) P o s i t i v e  Onset:  S t a r t i n g  a t  a b a s e l i n e  l e v e l  of +1.5 Gz, t h e  
s u b j e c t ’ s  Gz l e v e l  i n c r e a s e d  ( o r  decreased)  a t  t h e  rate of .25  Gzlsec  
u n t i l  t h e  d e s i r e d  l e v e l  of Gz f o r  t h a t  t r i a l  w a s  a t t a i n e d .  Four l e v e l s  of 
+Gz ( 1 , 3 , 5 ,  and 6 )  were employed. The s low o n s e t  ra te  and t h e  b a s e l i n e  
l eve l  of 1.5 Gz were chosen t o  minimize t h e  problems a s s o c i a t e d  w i t h  
v e r t i g o  . 

( 2 )  T e s t :  Once t h e  d e s i r e d  l e v e l  of +Gz w a s  a t t a i n e d ,  t h e  s u b j e c t  
w a s  p r e s e n t e d  w i t h  a maze on t h e  CRT and asked t o  s o l v e  i t  as r a p i d l y  as 
p o s s i b l e .  

(3) A c c e l e r a t i o n  O f f s e t :  Two d i f f e r e n t  r u l e s  f o r  de te rmining  t h e  
t i m e  of a c c e l e r a t i o n  o f f s e t  were used i n  t h i s  s tudy .  For t h e  f i r s t  two 
s u b j e c t s ,  o f f s e t  s t a r t e d  when t h e  s u b j e c t  so lved  t h e  maze o r  a f t e r  two 
minutes  a t  +Gz, whichever occurred  f i r s t .  Data from t h e s e  two s u b j e c t s  
i n d i c a t e d  a moderate  improvement i n  performance between + 3  Gz and +5 Gz. 
It w a s  b e l i e v e d  t h a t  i n c r e a s e d  m o t i v a t i o n  t o  t e r m i n a t e  t h e  t r i a l  as 
q u i c k l y  as p o s s i b l e  a t  t h e  h i g h e r  +Gz l e v e l  may have caused t h i s  
performance improvement. To remove t h i s  p o s s i b l e  confounding e f f e c t ,  t h e  
d e t e r m i n a t i o n  of a c c e l e r a t i o n  o f f s e t  t i m e  w a s  changed. For t h e  l a s t  two 
s u b j e c t s ,  o f f s e t  s t a r t e d  a f t e r  one minute  a t  +Gz, r e g a r d l e s s  of maze 
complet ion.  

For b o t h  o f f s e t  r u l e s ,  Gz w a s  decreased  ( o r  i n c r e a s e d  i f  a 1 Gz 
t r i a l )  a t  t h e  ra te  of .25 G/sec. u n t i l  t h e  b a s e l i n e  l eve l  of +1.5 Gz w a s  
a.t t a ined .  

( 4 )  R e s t :  The s u b j e c t  t h e n  r e s t e d  a t  t h e  +1.5 Gz leve l  f o r  a minimum 
of one minute  b e f o r e  i n i t i a t i n g  t h e  n e x t  t r i a l .  However, t h i s  rest p e r i o d  
could  b e  extended f o r  as l o n g  as d e s i r e d  by e i t h e r  the s u b j e c t  o r  t h e  
medica l  moni tor .  During t h i s  rest p e r i o d ,  t h e  s u b j e c t  w a s  r e q u i r e d  t o  
ra te  h i s  p e r c e i v e d  workload d u r i n g  t h e  p r e v i o u s  t r i a l ,  u s i n g  SWAT. A f t e r  
t h e  SWAT r a t i n g  w a s  completed,  t h e  s u b j e c t  w a s  informed of h i s  
maze-solving s c o r e .  

Each d a i l y  s e s s i o n  c o n s i s t e d  of e i g h t  t r i a l s ,  w i t h  t h e  f i r s t  and 
second h a l f  of t h e  s e s s i o n  s e p a r a t e d  by a rest p e r i o d  of a t  least  t h r e e  
minutes .  Within each h a l f  of a s e s s i o n ,  t h e  o r d e r  o f  p r e s e n t a t i o n  of t h e  
+Gz levels fo l lowed an  incomple te  5 x 4 (5 s e s s i o n s  x 4 t r i a l s  p e r  h a l f -  

8.5 



ses s ion )  La t in  square.  The e i g h t  d i f f e r e n t  mazes used i n  Phase 111 were 
randomly assigned t o  each t r i a l ,  wi th  t h e  fol lowing c o n s t r a i n t s :  
maze w a s  used exac t ly  once during a se s s ion ,  and (2)  each maze w a s  used 
once i n  combination wi th  each +Gz level during the  f i r s t  four  s e s s ions  of 
Phase 111. 

(1) each 

The f i r s t  four  d a i l y  se s s ions  of Phase 111 were i d e n t i c a l  t o  t h a t  of 
Phase 11. On the  f i f t h  day, each maze had t h e  optimum s o l u t i o n  pa th  
i d e n t i f i e d  on the  CRT. 
dot along the  path.  Comparisons of s o l u t i o n  t i m e s  between mazes wi th  and 
without  t he  s o l u t i o n  pa th  shown served as a d i r e c t  measure of t h e  
cogn i t ive  e f f e c t s  of G-stress s i n c e  t h e  same motor coord ina t ion  t a s k  w a s  
requi red  f o r  a l l  condi t ions .  

Thus the  s u b j e c t ' s  only t a s k  w a s  t o  maneuver t h e  

Heart  ra te  (EKG), temporal a r t e r y  blood flow (Doppler flow meter ) ,  
and anti-G s u i t  p re s su res  were recorded f o r  a l l  t r i a l s  i n  both Phases I1 
and I11 (Fig.  3). 

RESULTS 

F igures  4 and 5 summarize t h e  e f f e c t  of +Gz stress on t h e  
maze-solving scores  and the  SWAT r a t i n g s  r e spec t ive ly .  Separate r e s u l t s  
a r e  shown f o r  condi t ions  i n  which t h e  s o l u t i o n  pa ths  were not  shown ( t h e  
f i r s t  p a r t  of Phase 111) ve r sus  those i n  which they were. Each f i g u r e  
shows t h e  means by +Gz level ,  averaged across  mazes, s u b j e c t s  and 
a c c e l e r a t i o n  o f f s e t  r u l e .  The confidence i n t e r v a l s  shown are based on t h e  
e r r o r  terms obtained from t h e  ana lyses  of var iance .  

Univar ia te  a n a l y s i s  of va r i ance  (ANOVA) w a s  used t o  test t h e  e f f e c t s  
of t h e  independent v a r i a b l e s  on maze-solving scores  and on SWAT r a t i n g s  
obtained during t r ia ls  i n  which t h e  s o l u t i o n  pa ths  w e r e  not  shown. The 
f a c t o r s  used and t h e i r  levels were as fol lows:  

1. +Gz stress (+1.5, 3 ,  5, o r  6 Gz). 
2. Maze used ( e igh t  d i f f e r e n t  ones) .  
3 .  Offse t  r u l e  f o r  a c c e l e r a t i o n  ( v a r i a b l e  l eng th  du ra t ion  wi th  a 

4 .  Subjec ts  nes ted  wi th in  o f f s e t  r u l e .  
maximum of 2 min, o r  f i x e d  l eng th  du ra t ion  of 1 min a t  + G z ) .  

The f a c t o r s  of maze and sub jec t  were t r e a t e d  as random f a c t o r s ,  and t h e  
o the r  two were f ixed .  A l l  main e f f e c t s  and i n t e r a c t i o n s  of t h e  f i r s t  
t h r e e  f a c t o r s  were t e s t e d .  For some of t hese  hypotheses,  an exac t  F- tes t  
w a s  not  a v a i l a b l e  because of t h e  c o n s t r a i n t s  imposed by t h e  presence of 
random f a c t o r s ;  t h e  procedure ou t l ined  by Scheffe  (16) f o r  approximate 
F - t e s t s  w a s  used f o r  t h e s e  cases. 

The d i s t r i b u t i o n  of r e s i d u a l s  i n  the  analyses  of va r i ance  were found 
t o  be approximately normal, wi th  the  except ion of one unusual ly  small  
va lue  f o r  one of t he  SWAT r a t i n g s .  This  observa t ion  w a s  omitted from t h e  
formal a n a l y s i s .  
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The d a t a  o b t a i n e d  from t h e  f i r s t  p a r t  of Phase 111 are summarized i n  
Tables  1 and 2,  f o r  t h e  maze-solving s c o r e s  and t h e  SWAT r a t i n g s  respec-  
t i v e l y .  The r e s u l t s  of t h e  a n a l y s i s  of v a r i a n c e  f o r  t h e s e  two measures 
are shown i n  Tables  3 and 4. The l a t t e r  two t a b l e s  a l s o  show r e s u l t s  f o r  
t h e  a n a l y s i s  performed on d a t a  o b t a i n e d  d u r i n g  t h e  l a s t  s e s s i o n  of Phase 
111, when t h e  s o l u t i o n  p a t h s  w e r e  shown. 

Task performance a s  measured by t h e  maze-solving s c o r e  w a s  n o t  
a f f e c t e d  by t h e  l eve l  of +Gz stress (F=1.94, d f = 3 , 6 ,  p ~ l 0 ) .  The o n l y  
s i g n i f i c a n t  d i f f e r e n c e s  i n  maze-solving s c o r e s  were a t t r i b u t a b l e  t o  a main 
e f f e c t  f o r  t h e  d i f f e r e n c e s  among mazes (F=4.35, df=7,14,  p<.Ol), a main 
e f f e c t  f o r  t h e  d i f f e r e n c e s  among s u b j e c t s  (F=3.48, df=2 ,14 ,  p'. l o ) ,  and 
a n  i n t e r a c t i o n  e f f e c t  of maze and o f f s e t  r u l e  (F=3.13, df=7 ,14 ,  ~ . 0 5 ) .  
The main e f f e c t s  of s u b j e c t  and maze were expected.  The i n t e r a c t i o n  
e f f e c t  f o r  maze by o f f s e t  r u l e  w a s  somewhat anomalous. Of t h e  e i g h t  
mazes, h i g h e r  s c o r e s  were o b t a i n e d  on f o u r  of them w i t h  one o f f s e t  r u l e ,  
and on t h e  o t h e r  f o u r  w i t h  t h e  o t h e r  o f f s e t  r u l e .  Which o f f s e t  r u l e  
y i e l d e d  t h e  h i g h e r  s c o r e  d i d  n o t  appear  t o  b e  r e l a t e d  t o  performance o r  
s t r u c t u r a l  c h a r a c t e r i s t i c s  of i n d i v i d u a l  mazes. 

+Gz stress had a s i g n i f i c a n t  e f f e c t  on the SWAT r a t i n g s  o b t a i n e d  
(F=12.41, d f = 3 , 6 ,  pe.01) .  Even though t h e  performance measure d i d  n o t  
d e t e c t  a d i f f e r e n c e  among +Gz leve ls ,  t h i s  s u b j e c t i v e  measure showed a 
d r a m a t i c  i n c r e a s e  i n  workload as a f u n c t i o n  of i n c r e a s e d  +Gz. The only  
o t h e r  s i g n i f i c a n t  e f f e c t s  on SWAT r a t i n g s  were due t o  a main e f f e c t  f o r  
d i f f e r e n c e s  among mazes (F=2.65, df=7,14,  p<.lO), a main e f f e c t  f o r  d i f -  
f e r e n c e s  among s u b j e c t s  (F=21.96, df=2,14,  p " . O l ) ,  and an i n t e r a c t i o n  
e f f e c t  of +Gz w i t h  s u b j e c t  (F=5.43, df=6 ,41 ,  p".Ol). A s  f o r  t h e  maze- 
s o l v i n g  s c o r e s ,  t h e  main e f f e c t s  of maze and s u b j e c t  were expected.  The 
i n t e r a c t i o n  of +Gz w i t h  s u b j e c t  w a s  due t o  one s u b j e c t  who gave r e l a t i v e l y  
low workload r a t i n g s  t o  c o n d i t i o n s  under a c c e l e r a t i o n ;  t h e  remaining t h r e e  
s u b j e c t s  were q u i t e  c o n s i s t e n t  w i t h  each o t h e r .  

Linear and q u a d r a t i c  f u n c t i o n s  of +Gz leve l  were used t o  f i t  t h e  SWAT 
r a t i n g s  o b t a i n e d .  The l i n e a r  e f f e c t  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  
(F=31.5, d f=1 ,9 ,  ~ 4 . 0 1 )  and t h e  q u a d r a t i c  e f f e c t  w a s  n o t  (F=2.45, d f = 1 , 9 ,  
pc.10) .  There i s ,  however, some s u g g e s t i o n  t h a t  t h e  SWAT r a t i n g  f o r  +6 Gz 
is  s l i g h t l y  h i g h e r  t h a n  a l i n e a r  t r e n d  would p r e d i c t ,  s o  t h e r e  may b e  a 
q u a d r a t i c  r e l a t i o n s h i p  f o r  h i g h e r  +Gz levels .  

Analys is  of v a r i a n c e  was a l s o  used t o  assess t h e  e f f e c t s  of t h e  
independent  v a r i a b l e s  f o r  c o n d i t i o n s  i n  which t h e  s o l u t i o n  p a t h  w a s  shown, 
d u r i n g  t h e  l a s t  s e s s i o n  of Phase 111. A s i m p l i f i e d  model w a s  used f o r  
t h e s e  h y p o t h e s i s  tests, s i n c e  a l l  mazes were n o t  observed a t  a l l  l e v e l s  of 
+Gz. Only t h e  main e f f e c t s  of +Gz, maze, and s u b j e c t  were t e s t e d ,  and t h e  
e r r o r  t e r m  used  w a s  t h e  r e s i d u a l .  The e f f e c t  of o f f s e t  r u l e  was n o t  
i n c l u d e d ,  s i n c e  i t  seemed u n l i k e l y  t o  have any impact on t r i a l s  i n  which 
the mazes were s o l v e d  v e r y  q u i c k l y ,  as these were. 

The maze-solving s c o r e  w a s  a f f e c t e d  moderately by a l l  t h r e e  of t h e s e  
f a c t o r s .  The l a r g e s t  d i f f e r e n c e  w a s  among s u b j e c t s  (F=30.3, d f=3 ,18 ,  p i  
.OS). D i f f e r e n c e s  among +Gz l e v e l s  were s m a l l e r  (F=17.1, d f=3 ,18 ,  p . i . l O ) ,  
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as were d i f f e rences  among mazes (F=14.5, df=7,18, lxr.10). Di f fe rences  
among s u b j e c t s  and m a z e s  w e r e  expected. The d i f f e r e n c e s  among +Gz l e v e l s  
w e r e  small;  a decrement i n  average score  from 94.4 a t  +1.5 and 3 Gz t o  
92.4 a t  +5 and 6 G z .  This  change may re . f lec t  t h e  ex ten t  of a d d i t i o n a l  
phys i ca l  d i f f i c u l t y  i n  performing the  maze-solving t a s k  a t  t he  h igher  
l e v e l s  of +Gz. The maze-solving scores  obtained wi th  t h e  s o l u t i o n  paths  
shown were much h ighe r  than those  obtained when they  were no t ,  i n d i c a t i n g  
t h a t  maze-solving i s  p r imar i ly  a cogni t ive  r a t h e r  than  a motor response 
t a sk .  

SWAT sco res  were a f f e c t e d  by both +Gz levels (F=12.15, df=3,18, p c  

and mean d i f f e r e n c e s  among s u b j e c t s  ( P 4 . 3 1 ,  df=3,18,  ~ 0 5 ) .  A s  can be 
seen i n  Figure 5,  t he  changes i n  SWAT scores  as a func t ion  of +Gz l e v e l  
p a r a l l e l e d  the  changes found f o r  condi t ions  i n  which t h e  s o l u t i o n  pa th  was 
not  shown. The mean d i f f e r e n c e  i n  SWAT scores  obtained when a s o l u t i o n  
pa th  w a s  shown ve r sus  when i t  w a s  not t7as an inc rease  of approximately 14 
po in t s  on the  r a t i n g  s c a l e ,  r ega rd le s s  of +Gz level. This  i n d i c a t e s  t h a t  
t h e  inc rease  i n  s u b j e c t i v e  workload imposed by t h e  cogn i t ive  a spec t s  of 
t h e  maze-solving t a s k  w a s  independent of the  amount of +Gz s t r e s s .  

.01) 

DISCUS S ION 

Performance on the  maze-solving t a sk  w a s  not  a f f e c t e d  by +Gz s t r e s s ,  
a l though s u b j e c t i v e  r a t i n g s  of workload were. The l e v e l  of demand 
presented by t h e  maze-snl.ving t a s k  appears t o  have been such t h a t  s u b j e c t s  
were ab le  t o  accommodate the  a d d i t i o n a l  demand imposed by a c c e l e r a t i o n  
s t r e s s ,  and maintain t h e i r  performance. Resul t s  of t h i s  s tudy show t h a t  
SWAT r a t i n g s  may precede performance decrements, and be important " leading 
ind ica to r s "  of t a s k  performance degradat ion.  The inc rease  i n  SWAT r a t i n g s  
w a s  l i n e a r  w i th  +Gz, and t h e r e  w a s  some i n d i c a t i o n  t h a t  t h e  inc rease  may 
become quadra t i c  a t  h igher  a c c e l e r a t i o n  l e v e l s .  

The o f f s e t  r u l e  f o r  a c c e l e r a t i o n  w a s  modified a f t e r  d a t a  from the  
f i r s t  two  s u b j e c t s  had been obta ined ,  because i t  w a s  f e l t  t h a t  t h e  s m a l l  
improvement i n  performance from +3 Gz t o  +5 Gz w a s  due t o  t h e  v a r i a b l e  
du ra t ion  of a c c e l e r a t i o n .  The hypothesis  was t h a t  when s u b j e c t s  were 
exposed t o  the  h igher  +Gz l e v e l  and t h e  dura t ion  of t h e  a c c e l e r a t i o n  
depended on how quickly  they solved t h e  maze, t h e i r  motivat ion t o  complete 
i t  as quickly as p o s s i b l e  increased .  However, w i t h  t h e  second o f f s e t  r u l e  
f o r  a c c e l e r a t i o n  ( a  f i x e d  du ra t ion  of 1 min.) t h e  same s m a l l  improvement 
i n  performance a t  +5 Gz w a s  obtained.  This i nc rease  i n  sco re ,  i f  i t  is 
repea. table ,  may be due t o  o v e r a l l  mot iva t iona l  f a c t o r s  un re l a t ed  t o  t h e  
r u l e  f o r  a c c e l e r a t i o n  o f f s e t .  

The comparison between t r i a l s  i n  which t h e  s o l u t i o n  pa ths  were not 
shown versus  those i n  which they were demonstrates t h a t  maze-solving i s  
p r i m a r i l y  a cogn i t ive  r a t h e r  than a motor-response t a sk .  This  is  apparent 
from both  the  performance scores  and the  sub jec t ive  workload r a t i n g s .  
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CONCLUSIONS 

There are two important conclusions to be drawn from these results. 
First, it is evident that increased +Gz stress produced a significant 
increase in perceived workload. Second, the discrepancy between the 
performance and workload measures suggests that the demand imposed by the 
maze-solving task did not force subjects to work at capacity, and allowed 
them sufficient processing resources to compensate for the effects of the 
+Gz stress. 
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